The normal coupled cluster method is implemented to high orders in a systematic approximation scheme, and is shown to give accurate ground-and excited-state properties of anisotropic Heisenberg antiferromagnets and their quantum phase transitions at zero temperature.
Introduction
The coupled cluster method (CCM)1 has been applied in recent years with great success to various magnetic lattices (see, for example, Refs. 2-4 and references therein). We have showrr' how the systematic incorporation of multispin correlations for quantum spin-lattice systems can be very efficiently implemented within the framework of the CCM. The method is not restricted, for example, to bipartite lattices or to non-frustrated systems, and can thus deal with problems 2 -4 where quantum Monte Carlo (QMC) techniques would be faced with the wellknown "minus-sign problem." We typically find that critical points arise in the solution of the CCM equations as some internal coupling parameter is varied, and we have shown 2 -4 how these are associated with the quantum (zero-temperature) phase transitions between states of different quantum order. We present here new results of high-order CCM calculations for the ground-and excited-state properties of the spin-half anisotropic Heisenberg or XXZ model on the square lattice. In global spin coordinates the XXZ Hamiltonian is specified as follows, (i,j) where the sum on (i,j) counts all nearest-neighbour pairs once. On the square lattice the model has no exact solution, but is expected to have a phase transition at about~= 1between a phase of Neel-like order in the z-direction for~~) and a similar x-y planar phase for -1 <~.:s1. For~< -1 the system is ferromagnetic. in terms of a suitably chosen normalised reference state I~}, with respect to which the set of mutually commuting many-body operators {ct} forms a complete set of creation operators. We define Ci == (Cnt, and et == 1, the identity operator.
Since (~Ict = 0 = eil~}'v'I f= 0, by construction, we note that the normalisation conditions, (~I'l!') = (~I'l!') = (~I~)== 1, follow immediately.
The ground-state Schrodinger equations,
are completely equivalent to the variational relation oH = 0, where H == (~IHI'l!').
The ground-state correlation coefficients {St, 8d are thereby obtained as follows,
Equation (4a) also gives the ground-state energy as,
In practice, the nested commutator expansions for the similarity transforms in Eqs. (4a,b) usually terminate at a finite order, and hence the only approximation required is to truncate the otherwise exact (complete) expansions in Eqs. x: = Lxsc; . te == Ee -Eg .
By projecting Eq. (7) with the set of states {(~Iei; I f= O}, we obtain a set of linear generalised eigenvalue equations for the excitation coefficients {XH as eigenfunctions and the excitation energies {te} as eigenvalues.
We turn now to the choice of I~) and the operators { et} for the case of spin-half quantum antiferromagnets on bipartite lattices, in regimes where the corresponding classical limit is described by a Neel-like order. It is then convenient to introduce a different local quantisation axis and spin coordinates 'on each sublattice, by a suitable rotation in spin space, so that the corresponding reference state becomes a fully aligned ("ferromagnetic") state, with all spins pointing along, say, the negative z-axis in the corresponding local axes. In the same local axes, the configuration indices I~{kl,k2'·· ·,kM}, a set of site indices, such that et~stst2 ... stM' where st == s%+ist is the usual spin-raising oper-ator at site k, For the Hamiltonian of Eq, (1) we choose the z-aligned Neel state as our reference state (which is the exact ground state for 6.~00, and is expected to be a good starting point for all 6. > 1, down to the expected phase transition at 6. = 1). We then perform a rotation of the up-pointing spins by 180 0 about the y-axis, such that SZ~ -S"', SII -+ SII, SZ -+ -SZ. The Hamiltonian of Eq. (1) may thus be written in these local coordinates as,
The results presented below are based on a localised NCCM approximation scheme, known as the LSUBm scheme, in which we include all multispin correlations over all locales (or "lattice animals") on the lattice defined by m or fewer contiguous sites. We include all fundamental configurations, I -+ {k 1 , k 2 , •• " k n }, with n~m, which are distinct under the point and space group symmetries of both the lattice and the Hamiltonian. The numbers, N F and N F., of such fundamental configurations for the ground and excited states, respectively, may be further restricted by the use of additional conservation laws. For example, the Hamiltonian of Eq. (1) commutes with the total uniform magnetisation, s~= El: s~, where the sum on k runs over all lattice sites. The ground state lies in the s~= 0 subspace, and hence we exclude configurations with an odd number of spins or with unequal numbers of spins on the two equivalent sublattices. Similarly for the excited states, since we are only interested in the lowest-lying excitation, we restrict the configurations to those with s~.= ±1, i.e., to single-magnon spin-wave-like excitations. Fig. 1 we show the results for €e and M as functions of D.., the anisotropy parameter. example. However, we have shown that we may improve our results further by em--ploying heuristic extrapolation schemes in the LSUBm truncation index, m~00. It will be of great interest to try to study the scaling in this index at a more formal level, and to extend the methodology to deal with systems at finite temperatures.
